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Efficacy of CS-834 against Experimental Pneumonia Caused
by Penicillin-Susceptible and -Resistant Streptococcus
pneumoniae in Mice
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The efficacy of CS-834, a novel oral carbapenem, was assessed by using a murine model of pneumonia caused
by penicillin-susceptible and penicillin-resistant Streptococcus pneumoniae and was compared with those of oral
cephems, i.e., cefteram pivoxil, cefpodoxime proxetil, cefdinir, and cefditoren pivoxil. Intranasal inoculation of
10° CFU of penicillin-susceptible or penicillin-resistant S. pneumoniae in the exponential growth phase induced
pneumonia and bacteremia in ddY mice within 48 h. For the treatment of infections caused by the penicillin-
susceptible strain the antibiotics were administered orally at 0.4, 2, and 10 mg/kg of body weight twice daily for
2 days beginning at 24 h after bacterial inoculation, and for the treatment of infections caused by a penicillin-
resistant strain the antibiotics were administered at 2, 10, and 50 mg/kg twice daily for 2 days beginning at 24 h
after bacterial inoculation. Among the antibiotics tested, CS-834 exhibited the most potent efficacy against both
types of strains. Against infections caused by penicillin-susceptible S. pneumoniae, CS-834 at all doses signif-
icantly reduced the numbers of viable cells in both the lungs and blood. Cefpodoxime proxetil at all doses and
cefteram pivoxil and cefditoren pivoxil at doses of 2 and 10 mg/kg showed comparable efficacies. Against
infections caused by penicillin-resistant S. pneumoniae, CS-834 at doses of 10 and 50 mg/kg showed the most
potent efficacy among the antibiotics tested, resulting in the maximum decrease in the numbers of viable cells
in the lungs. Comparable efficacies were observed with cefteram pivoxil and cefpodoxime proxetil at doses of
50 mg/kg each. The concentration of CS-834 in the lungs and blood was higher than that of cefdinir and was
lower than those of the other antibiotics tested, suggesting that the potent therapeutic efficacy of CS-834

reflects its strong activity against S. pneumoniae.

Streptococcus pneumoniae is one of the most common patho-
gens, causing community-acquired pneumonia accompanied
by high rates of morbidity and mortality, particularly in chil-
dren, elderly people, and immunocompromised hosts (2, 9).
The increase in the incidence of infections caused by penicillin-
resistant S. pneumoniae has become a serious clinical problem
in many countries (1, 4, 6, 8, 11, 15, 17). It has been reported
that the frequency of isolation of penicillin-resistant S. pneu-
moniae strains was one-third among isolates from patients with
severe infections, such as pneumonia and meningitis, in Japan
(8).

Several new oral cephem antibiotics (cefdinir and the pro-
drugs, such as cefteram pivoxil, cefpodoxime proxetil, and
cefditoren pivoxil) were reported to have very potent antibac-
terial activity against various species of gram-positive and
gram-negative bacteria (12, 14, 18, 20). They showed only
moderate activities against penicillin-resistant S. pneumoniae,
however.

CS-834 is a novel orally absorbable carbapenem; its active
metabolite is R-95867 (Fig. 1). This antibiotic showed a broad
spectrum of activity, covering both gram-positive and gram-
negative aerobes and anaerobes, including penicillin-suscepti-
ble and penicillin-resistant S. pneumoniae (21). In this study,
we developed a murine pneumonia model of penicillin-suscep-

* Corresponding author. Mailing address: Biological Research Lab-
oratories, Sankyo Co., Ltd., 2-58 Hiromachi 1-chome, Shinagawa-ku,
Tokyo, 140, Japan. Phone: 81-3-3492-3131. Fax: 81-3-5436-8565. E-
mail: ohya@shina.sankyo.co.jp.

23

tible and penicillin-resistant S. preumoniae and investigated
the therapeutic efficacy of CS-834 in this model.

(This work was presented in part at the 36th Interscience
Conference on Antimicrobial Agents and Chemotherapy, New
Orleans, La., 15 to 18 September 1996 [13].)

MATERIALS AND METHODS

Antibiotics. The following compounds were synthesized at Sankyo Research
Laboratories, Tokyo, Japan: CS-834, sodium salt of R-95867, cefpodoxime prox-
etil, cefpodoxime, cefteram, and cefditoren. The other compounds were obtained
from the indicated sources: cefteram pivoxil, Toyama Chemical Co., Ltd., Tokyo,
Japan; cefdinir, Fujisawa Pharmaceutical Co., Ltd., Osaka, Japan; and cefditoren
pivoxil, Meiji Seika Kaisha, Ltd., Tokyo, Japan.

Bacterial strains. Penicillin-susceptible strain 2132 (MIC of benzylpenicillin,
0.012 pg/ml) and penicillin-resistant strains 9605 and 9601 (MICs of benzylpen-
icillin, 1.56 pg/ml for both strains) of S. pneumoniae, originally isolated from
patients with pneumonia in 1983 and 1993 in Japan, were used in this study.

Susceptibility testing. MICs were determined by the usual twofold agar dilu-
tion method (5) with Pearlcore heart infusion agar (Eiken Chemical Co., Ltd.,
Tokyo, Japan) supplemented with 5% defibrinated horse blood. The inoculum
size was 10* CFU per spot (5 ul). The inoculated plates were incubated at 37°C
for 18 h.

Pneumonia caused by S. pneumoniae in mice. After overnight incubation on
brain heart infusion agar (Difco Laboratories, Detroit, Mich.) supplemented
with 5% defibrinated horse blood (BHIA-B), freshly grown colonies were sus-
pended in heart infusion broth (Difco Laboratories) supplemented with 10%
heat-treated horse serum (HIB-S) at an optical density at 550 nm of 0.12 (JUN-
IOR 1I Spectrophotometer; Coleman Instruments Corp., Maywood, Ill.). The
bacterial suspension was diluted 100-fold with fresh HIB-S and was incubated,
with shaking, to yield an optical density at 550 nm of 0.12. This culture, which was
in the exponential growth phase, was diluted 5-fold (for strain 9601), 10-fold (for
strain 2132), and 25-fold (for strain 9605) with the same medium and was used
for inoculation.

Experimental pneumonia was induced in male ddY mice weighing 19 to 21 g
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CS-834: R = CH, OCOC(CH;y)4
R-95867: R=H
FIG. 1. Chemical structures of CS-834 and R-95867.

(SLC Japan Inc.) with penicillin-susceptible strain 2132 or penicillin-resistant
strain 9605 or 9601. Mice were anesthetized lightly by intravenous injection of
ketamine (Sankyo, Co., Ltd., Tokyo, Japan) at 1 mg/kg of body weight, and 50 .l
(for strains 2132 and 9605) or 75 ul (for strain 9601) of a bacterial suspension
(approximately 10° CFU) was inoculated through the nares into the lungs. To
investigate the change in viable cell numbers in the lungs and blood, infected
mice were killed at 24, 48, and 72 h after infection and their lungs and blood were
removed. The lungs were homogenized in 2 ml of saline, and the homogenates
and blood were serially diluted 10-fold with saline. One hundred microliters of
the diluent was spread onto BHIA-B plates, and the plates were incubated at
37°C for 24 h. The viable cell numbers were determined by counting the numbers
of colonies on the plates.

Histopathological examination. The lung tissues were removed from unmedi-
cated mice infected with strain 9605 at 24 h after infection and were immediately
fixed in 10% neutral buffered formalin. The fixed tissues were embedded in
paraffin wax, sectioned, and then stained with hematoxylin-eosin for histological
examination or with methylene blue for the identification of bacteria.

Therapeutic efficacy. Drugs were administered orally at 24, 32, 48, and 56 h
after the bacterial challenge. Doses of 0.4, 2, and 10 mg/kg of body weight were
used against infections caused by strain 2132; doses of 2, 10, and 50 mg/kg were
used against infections caused by strain 9605; and a dose of 10 mg/kg was used
against infections caused by strain 9601. At 72 h after infection the mice were
killed, and their lungs and blood were removed. The lungs were homogenized in
saline, and the homogenates and blood were serially diluted 10-fold with saline.
One hundred microliters of the diluent was spread onto BHIA-B plates, and the
plates were incubated at 37°C for 24 h. The viable cell numbers in the lungs and
blood were determined by counting the numbers of colonies on the plates. The
means and standard errors were calculated for each group. The detection limits
for lungs infected with penicillin-susceptible and -resistant S. pneumoniae strains
were 2.3 and 1.3 log,, CFU per lung, respectively, to avoid significant drug
carryover. The detection limit for blood was 2.0 log,, CFU per ml for both
infections caused by the penicillin-susceptible S. pneumoniae strain and infec-
tions caused by penicillin-resistant S. pneumoniae strains.

Pharmacokinetic studies. Pharmacokinetic studies were done with mice of the
same strain used for the pneumonia model, but the mice were not infected. At
15, 30, 60, 120, and 240 min after oral administration of antibiotics at 100 mg/kg
of body weight, the mice were exsanguinated, and their blood and lungs were
collected. Antibiotic concentrations in serum and lung homogenates were deter-
mined by the paper disc diffusion method by using Bacillus subtilis ATCC 6699
as the bioassay indicator (7). Four mice were used for each datum point.

Statistical analysis. The statistical significance of the differences between the
numbers of viable organisms recovered from the lungs and blood were evaluated
by the Student ¢ test. A difference between two groups was considered to be
statistically significant if the P value was <0.05.
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FIG. 2. Viable cell counts for penicillin-susceptible strain 2132 (A) and pen-
icillin-resistant strains 9605 and 9601 (B) in the lungs and blood of mice at 24, 48,
and 72 h after infection. Symbols: A, strain 2132; @, strain 9605; O, strain 9601.
Each point represents the mean = standard error (n = 5 to 7).

RESULTS

Antibacterial activity. Table 1 presents the antibacterial ac-
tivities of R-95867, cefteram, cefpodoxime, cefdinir, and cefdi-
toren against the strains used in this study, penicillin-suscepti-
ble S. pneumoniae 2132 and penicillin-resistant S. pneumoniae
9605 and 9601. R-95867, as well as cefteram and cefditoren,
showed potent activity against penicillin-susceptible strain
2132. The activity of R-95867 was stronger than those of cef-
podoxime and cefdinir. Against penicillin-resistant strains 9605
and 9601, R-95867 exhibited the most potent activity, and it
was 4- to 16-fold stronger than the reference antibiotics.

Murine pneumonia model. Figure 2 shows the changes in
bacterial viability in the lungs and blood of mice after infection
with penicillin-susceptible (Fig. 2A) and penicillin-resistant
(Fig. 2B) strains. Both penicillin-susceptible and -resistant
strains induced pneumonia and bacteremia in mice within 48 h
after infection. The pneumonias were not fatal during a 72-h
observation period after infection. The numbers of viable cells
of penicillin-susceptible strain 2132 in the lungs and blood

TABLE 1. Antibacterial activities of R-95867 and reference antibiotics against penicillin-susceptible and -resistant S. pneumoniae strains used
for experimental infections

MIC (pg/ml)
Strain
R-95867 Cefteram Cefpodoxime Cefdinir Cefditoren
Penicillin-susceptible S. pneumoniae 2132¢ =0.006 =0.006 0.012 0.025 =0.006
Penicillin-resistant strains
S. pneumoniae 9605° 0.20 1.56 3.13 6.25 0.78
S. pneumoniae 9601° 0.20 1.56 3.13 6.25 0.78

“ MIC of benzylpenicillin, 0.012 pg/ml.
? MIC of benzylpenicillin, 1.56 pg/ml.
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FIG. 3. Efficacies of CS-834 and reference antibiotics against pneumonia caused by penicillin-susceptible strain 2132. Each column and bar represents the mean *
standard error, respectively (n = 4 to 6). The indicated doses of each drug were administered orally twice daily for 2 days beginning at 24 h after infection, and the
numbers of viable cells in the lungs (A) and blood (B) of mice were determined at 72 h after infection. CFTM-PI, cefteram pivoxil; CPDX-PR, cefpodoxime proxetil;
CFDN, cefdinir; CDTR-PI, cefditoren pivoxil. The asterisks indicate a significant difference (P < 0.05) compared with the results for the control group.

were approximately 10° CFU/lung and below 10> CFU/ml of
blood, respectively, at 24 h after infection, and they increased
to approximately 10° CFU/lung and approximately 10° CFU/ml
of blood, respectively, at 72 h after infection. On the other
hand, the numbers of viable cells of the penicillin-resistant
strains in the lungs decreased to approximately 10* CFU/lung
at 48 h after infection. The numbers of viable cells of strain
9601 increased to approximately 10° CFU/lung at 72 h, while
the level of viable cells of strain 9605 remained almost un-
changed until 72 h after infection. The numbers of viable cells
of penicillin-resistant strains in blood increased to approxi-
mately 10° CFU/ml at 24 h, and the levels remained almost
unchanged until 72 h after infection. Microscopic observation
showed typical histopathological findings in the lung tissues of
mice infected with penicillin-resistant strain 9605. The lung
tissue was invaded by large numbers of inflammatory cells,
mainly neutrophils, and cocci were present in alveolar spaces
(data not shown).

Therapeutic efficacy against experimental pneumonia in
mice. Figure 3 shows the therapeutic efficacies of CS-834 and
the reference antibiotics against pneumonia caused by the pen-
icillin-susceptible strain. At doses of 0.4, 2, and 10 mg/kg, all
antibiotics exhibited dose-dependent efficacies against the in-
fection. CS-834 was the most active among the antibiotics
tested, and its use resulted in significant reductions in the
numbers of viable cells in both the lungs and blood at all doses
in comparison with the numbers of viable cells in the lungs and
blood of the control group. Cefpodoxime proxetil at all doses
and cefteram pivoxil and cefditoren pivoxil at doses of 2 and 10
mg/kg showed efficacies comparable to that of CS-834. The
therapeutic efficacy of cefdinir was inferior to those of the
other antibiotics tested, and its use resulted in significant re-
ductions in bacterial numbers in the lungs and blood only when
it was used at a dose of 10 mg/kg.

The efficacy of CS-834 was compared with those of the
reference antibiotics against experimental pneumonia caused
by penicillin-resistant strains 9605 (Fig. 4A) and 9601 (Fig.
4B). CS-834 at a dose of 2 mg/kg exhibited modest efficacy
against infections caused by strain 9605, as did the other anti-
biotics tested. CS-834 at doses of 10 and 50 mg/kg, however,
resulted in large reductions in the numbers of viable cells in
both the lungs and blood. This effect was superior to the effects
of the other antibiotics tested. Cefteram pivoxil and cefpo-

doxime proxetil showed potent efficacies at doses of 50 mg/kg,
and their efficacies were comparable to the efficacy of CS-834.
Cefditoren pivoxil and cefdinir exhibited modest efficacies at
all doses, although their use at doses of 10 and 50 mg/kg
resulted in significant reductions in the numbers of viable cells
in the lungs and blood in comparison with the numbers of
viable cells in the lungs and blood of the control group. At a
dose of 10 mg/kg, CS-834 was the most active drug against
pneumonia caused by strain 9601 when its activity was com-
pared with those of the other antibiotics used at the same dose.

Pharmacokinetics of drugs in serum and lung. Table 2 pre-
sents the values of the pharmacokinetic parameters for R-
95867 and the reference antibiotics in the serum and lungs of
mice after the administration of a single oral dose of 100 mg/kg
of body weight. The concentrations of R-95867 in the serum
and lungs were higher than those of cefdinir and lower than
those of the other antibiotics tested. The mean = standard
error peak levels of R-95867 were 43.8 * 5.4 pg/ml and 9.1 *
0.75 png/g in the serum and lungs, respectively, at 30 min after
administration. At 120 min after administration the concentra-
tion of R-95867 in the lungs was below the detection limit (0.2
pg/ml). At all time points at which values were determined, the
concentrations of cefdinir in the lungs were below the detec-
tion limit.

DISCUSSION

It has been difficult to develop animal models of pneumonia
caused by penicillin-resistant S. pneumoniae, since penicillin-
resistant strains are less pathogenic than penicillin-susceptible
ones for the induction of pneumonia in healthy animals (3, 10,
16, 19). Our model also showed that in the lungs the numbers
of cells of the penicillin-resistant strain were lower than the
numbers of cells of the penicillin-susceptible strain. For this
reason, some investigators used models of pneumonia caused
by penicillin-resistant pneumococci and induced in immuno-
compromised animals or by using foreign bodies, such as
melted agar (3, 10, 16). We, however, successfully constructed
with healthy mice a model of pneumonia caused by penicillin-
resistant S. pneumoniae.

The reason that we used pathogens in the exponential
growth phase is that they were more pathogenic than patho-
gens in other growth phases for the induction of pneumonia in
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FIG. 4. Efficacies of CS-834 and reference antibiotics against pneumonia caused by penicillin-resistant strains 9605 (A) and 9601 (B). Each column and bar
represents the mean * standard error (n = 8 to 10). The indicated doses of each drug were administered orally twice daily for 2 days beginning at 24 h after infection,
and the numbers of viable cells in the lungs and blood of mice were determined at 72 h after infection. CFTM-PI, cefteram pivoxil; CPDX-PR, cefpodoxime proxetil;
CFDN, cefdinir; CDTR-PI, cefditoren pivoxil. The asterisks indicate a significant difference (P < 0.05) compared with the results for the control group.

mice (data not shown). In our pneumonia model, the numbers
of viable cells of penicillin-resistant S. pneumoniae remained
approximately 10% to 10° CFU in the lungs of mice with bac-
teremia from 24 to 72 h after infection, and this infection was
not fatal until 72 h after infection. In addition, the histological
changes, such as the inflammatory reaction, could be observed
in infected lungs within 24 h, and higher doses of the antibi-
otics resulted in better therapeutic efficacy, suggesting that this
experimental model of infection in ddY mice is reliable for
evaluating the in vivo efficacies of antibiotics.

CS-834 showed the most potent activity among the antibi-
otics tested, in particular, against pneumonia caused by peni-
cillin-resistant S. pneumoniae strains, although the concentra-
tions of its active metabolite were lower than those of
cefteram, cefpodoxime, and cefditoren in the lungs and blood
of mice. These results suggest that the excellent therapeutic
efficacy of CS-834 reflects the potent in vitro activity of R-
95867, which was 4- to 16-fold greater than those of the other
antibiotics against the penicillin-resistant strains. Against clin-
ical isolates of penicillin-susceptible and -resistant S. pneu-
moniae, R-95867 also exhibited more potent activity than the
cephem antibiotics: the MICs of R-95867 for 90% of strains of

TABLE 2. Pharmacokinetic parameters of the study antibiotics in
mouse plasma and lung”

Compartment Clhax AUC 4
ang drug Tonax () (pg/ml or g) fiz (h) (pg - h/m(l) (()r 2)
Plasma
R-95867 0.63 +£0.13 43.8*+54 048 *x0.06 558 *+3.84
CPDX 050 %0 111 = 6.8 152 £0.16 127 £ 6.52
CFTM 050 =0 88.7+9.1 152 =x0.16 149 = 5.51
CDTR 0.69 £0.19 862=*13 154=*0.13 209 = 14.1
CFDN 050 =0 152+30 284*+030 37.8=x1.77
Lung
R-95867 0.63 = 0.13 9.10 £ 0.75 NC 9.04 = 0.67
CPDX 044 =0.06 38.6 42 220x0.63 49.2=*251
CFTM 0.50 %0 33.0£6.7 041025 40.7=7.61
CDTR 0500 29.8 =0.81 2.85*0.23 77.5*x397
CFDN ND ND ND ND

“ Abbreviations: T,,,,, time to maximum concentration of drug in serum or
lungs; C,,.,, maximum concentration of drug in serum or lungs; t,,, half-life;
AUC,_g, area under the concentration-time curve from time zero to 6 h; CPDX,
cefpodoxime; CFTM, cefteram; CDTR, cefditoren; CFDN, cefdinir; NC, not
calculated (insufficient datum points); ND, not detected.
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penicillin-susceptible and -resistant isolates were 0.05 and 0.39
wg/ml, respectively (21).

In conclusion, the new orally administered carbapenem CS-

834 has been considered to be an extremely promising com-
pound for further evaluation. Its antibacterial activity would
cover not only pneumonia caused by penicillin-susceptible S.
pneumoniae but also the pneumonia caused by penicillin-resis-
tant S. pneumoniae encountered in general practice and could
be used for the treatment of hospital outpatients. Clinical
studies with CS-834 are in progress in Japan and the United
States.
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